Abstract. In the paper, a typical part of B1500HS boron steel was formed using the hot stamping tools, and the effect of austenitization temperature on the microstructure and mechanical properties of B1500HS steel was studied by the experiment and finite element methods. The results show that, the temperature of steel plate has a significant effect on the temperature of hot stamping tools, and the temperature of punch rises at a faster speed than that of die in the hot stamping process. The austenitization temperature and time both have significant effects on the size of martensite, but have not obvious effects on the hardness. The cooling rate of steel plate has a significant effect on the tensile strength when the austenitization temperature is 870 °C. The fracture of sample austenitized at 870 °C or 900 °C is the dimple, the fracture of sample austenitized at 930 °C or 960 °C is the mixture of quasicleavage and dimple.
Introduction
In order to reduce vehicle weight and tail-gas emission without compromising crash performance, most of automotive manufacturers focus upon application of new materials besides optimizing framework of vehicle. Body-in-white or BIW, in which a car body's sheet metal components have been welded together, is the largest structure of vehicle, and main contributor to the vehicle weight, so it is one of the best objectives of weight reduction. Mechanical performance of BIW can be improved with the weight reduction by using advanced high-strength steel (AHSS) or ultra high-strength steel (UHSS). But formability of AHSS or UHSS reduces remarkably with the enhancement of strength, and some defects, such as poor forming quality, cracking and spring-back, are easy to appear in the cold stamping.
At present, lots of research about the hot stamping of quenchable boron steel has been done in the world, such as the investigation of high-strength steel forming technology, design of hot stamping tools with cooling system, constitutive relationships of boron steel at high temperature, formability of quenchable boron steel in the hot stamping and so on. Kolleck et al. [1] studied the induction heating of boron steel in the hot stamping. The grade of austenitization as well as the mechanical properties of the quenched component had been taken into account in the research. This heating method can reduce the heating time, the investment costs and the floor space of heating device. Min et al. [2] presented a prediction model for hot forming limits of steel 22MnB5 based on Storen and Rice's Vertex theory and LoganHosford yield criterion. By comparison, the calculated FLD based on the Vertex theory and four-order LoganHosford yield criterion was in good accordance with the measured FLD. Nikravesh et al. [3] described the effect of hot plastic deformation and cooling rate on the final properties of 22MnB5 steel in hot deformation process by means of deformation dilatometer. Li et al. [4] described the hot deformation behavior of B1500HS steel with the microstructure of austenite, ferrite + pearlite, bainite or martensite using the modified Arrhenius and JohnsonCook models. Mori [5] , Yanagimoto [6] , Khan [7] and et al. studied the bending spring-back of UHSS by experiment. Lim [8] and Xu [9] studied the cooling system design in the hot stamping die.
At present, many researchers have focused their emphasis on the study of numerical simulation of hot stamping process. Tekkaya et al. [10] presented the thermo-mechanical coupled simulation of hot stamping process by means of experimentally calculated material data and described a number of procedures for the simulation of hot stamping, aiming at a notable decrease in computation time. So et al. [11] studied the warm blanking and cold blanking of 22MnB5 steel, and compared the results of experiment and finite element simulation. Some recommendations for the manufacturer of 22MnB5 steel products were presented. Xing et al. [12] built a material model for the hot stamping of quenchable boron steel according to the experimental data of mechanics and thermal physical properties. The numerical simulation of hot stamping was done by ABAQUS software. The simulation results were basically in agreement with the experimental results. Lei et al. [13] simulated the cooling process of hot-stamping dies by CFX software, and studied the effect of processing parameters, such as pressure holding time and cooling water velocity, on the temperature of hot-stamping dies. The numerical simulation results had a good agreement with the experimental results. Bao et al. [14] studied the differences of effective quenching and forming precision between heat free bending and thermal contact bending by ABAQUS software. Liu et al. [15, 16] researched the hot stamping of 22MnB5 using the simulation and experiment methods. Bok et al. [17] studied the forming process of B pillar, and the data from simulation and experiment could provide some important information about the temperature, martensite distribution and technological parameters for the design of hot stamping. Cai et al. [18] studied the distributions of metallography, hardness and yield stress of 22MnB5 in the hot stamping process by using Ansys/Ls-Dyna and KirkaldyVenugopalan austenitic decomposition model.
In this paper, the effect of austenitization temperature on the microstructure and mechanical properties of B1500HS boron steel is studied by the experiment and finite element methods.
Experiments

Materials
The material used in the paper is B1500HS boron steel sheet with 1.6 mm thickness and non-coating. Microstructure of boron steel is about 25 % pearlite and 75 % ferrite, the yield strength and tensile strength are about 340 MPa and 500 MPa. The chemical compositions of B1500HS are listed in Table 1 . The size of steel blank used in the experiment is about 115 × 115 mm. The samples which are used to test the microstructure and mechanical performance are cut from the region I, II and III of stamped parts by the wire electric discharge machine (WEDM), as shown in Figure 1 . 
Quenching experiments
Hot stamping tools used in the experiment are shown in Figure 2 . The thermocouple positions are marked as symbol ① 、② 、③ and ④ . The material of tools is H13 steel. NiCr-NiSi thermocouples with the diameter of 2 mm and length of 100 mm are used to measure the temperature of tools. Data acquisition system TC-08 is used to convert the signal from thermocouples. Testing machine CMT5000 and other equipments are used to measure the hardness, tensile strength and microstructure of samples.
Figure 2. Schematic diagram of hot stamping tools
The temperature of resistance furnace is set to 870°C. When the temperature arrives at about 870°C, five steel plates are put into the furnace for austenitization. After heated for about 5 min, the first steel plate is quickly transferred into the hot stamping tools, formed and cooled in the tools, and then moved out of the tools.
Other four steel plates also undergo these steps in order. So the heating times of five steel plates are respectively about 300 s, 420 s, 540 s, 660 s and 780 s. For the hot stamping of steel plates at the austenitization temperature of 900 °C, 930 °C and 960 °C, the operation steps are same as that at 870 °C.
EXPERIMENT RESULTS AND DISCUSSIONS
Temperature of completely austenitization
The expansion curve attained by the quenching and deformation dilatometer DIL 805A/D shows that, the temperature (Ac1) at which pearlite transforms into austenite is about 725°C, and the temperature (Ac3) at which ferrite transforms into austenite is about 810°C, when the heating rate is about 200 /h.
The heating rate of steel plates in the heating furnace SX2-4-10G is much higher than 200 °C/h, and the heating rate has a significant effect on the temperature Ac1 and Ac3 [19] . In order to know the temperature curve of steel plate in the heating and cooling, a thermocouple is welded on the side middle of steel plate. The position of thermocouple is shown in Figure 3 .
The temperature curve can be divided into six stages: 1 -heating in the furnace, 2 -transporting (free cooling), 3 -contacting with the punch, 4 -forming in the tools, 5 -NUMIFORM 2016 cooling in the tools, 6 -out of die and cooling in the air. According to the variation tendency of temperature curve, the temperature Ac1 and Ac3 are about 776.8 °C and 824.4 °C when B1500HS steel is heated in the furnace. Before the punch contacts with the heated boron steel plate, the steel plate only contacts with the upper surface of die. Only a little heat energy transfers from the steel plate to the die, as the boundary heat transfer coefficient is smaller due to no pressure between them [20] . When the die contacts with the plate, the plate instantaneously separates from the upper surface of die due to the bending of steel plate, and begins deforming and sliding into the die with the punch, as shown in Figure 5 . So the contact time is very short, and the temperature variation at the positions ④ is small, as shown in Figure 4 . When the steel plate completely contacts with the surface of punch and die, as shown in Figure 6 , the pressure among them rapidly reaches to over 30MPa. Much heat energy transfers from the steel plate to the die and punch, as the boundary heat transfer coefficient is relative to the pressure [21] .
The temperature variation at the position ① is significant, but the temperature variation at the position ② is smaller than that at the position ① , as shown in Figure 4 . The main reason is that, the thickness of punch is small (about 24 mm). Moreover, the volume of die is much larger than that of punch, so the temperature variation of the die is slower than that of the punch when the same heat energy is absorbed. For the region II shown in Figure 1 , it is in the gap of punch and die. Because the gap is a little larger than the thickness of plate, the clearance may appear among the punch, die and stamped part. The heat exchange between the forming part, punch and die is similar to the heat exchange without pressure. So the temperature variation at the position ③ is smaller, as shown in Figure 4 . The temperature-time curves show that, with the increase of austenitization temperature, the temperature peak at the region ① of punch increases, but there is a little effect on other regions of tools. After the die temperature increases to the peak, the heat energy taken away from the die and punch by the cooling water is more than that from the hot stamped part to the die and punch, so the temperatures of punch and die decrease with time.
MATEC Web of Conferences
The temperature variations of punch and die in Figure  4 show that, the temperatures of punch and die instantaneously rise and rapidly decrease under the action of the hot stamped part and tool cooling system, and the punch is easier to get higher temperature. The temperature of punch and die is one of the key factors to affect the microstructure and mechanical performance of forming part. If no cooling system works in the tools, the temperature of tools would become higher and higher. The microstructure and mechanical performance of hot stamped part would be affected. In addition, the service life of tools would be affected.
Microstructure
The samples are cut from the regions I, II and III of part shown in Figure 1 by WEDM. The samples are polished, and then etched using 4% nitric acid alcohol solution. The microstructure observed by the optical microscope in the region I, II, and III is the lath martensite. The numerical simulation result of phase -transformation by finite element method shows the volume fraction of martensite is more than 98 %, as shown in Figure 7 . 
Hardness
For the hot stamped parts at the different austenitization temperature, the averages of hardness tested by Rockwell hardness tester at the region I, II and III are shown in Table 2 . The testing result of hardness shows that, the austenitization temperature and time have a little effect on the hardness of samples, the values of hardness relative to the different regions and austenitization temperatures are very close. For the same part, the hardness at the region I and III is slightly higher than that at the region II due to the difference of cooling rate. In the hot stamping, the boundary heat transfer coefficient (BHTC) at the region I and III is larger than that at the region II due the higher pressure at the region I and III [22] . The heat flux from the part to the tools in the hot stamping can be described with Newton's law of cooling,
Where, q represents the heat flux, H represents the BHTC, T w represents the surface temperature of part, and T c represents the temperature of tool. According to Eq.(1), the heat flux q will increase for fixed T w and T c , if the BHTC rises. So the cooling rate at the region I and III is less than that at the region II.
Hardness of steel is the function of the cooling rate at 700°C and chemical composition [23] .
The hardness calculated by finite element method is shown in Table 2 and Figure 9 . The calculation results show that, the hardness at the region I and III is slightly higher than that at the region II, which is basically consistent with the experiment results. 
Stress and strain
The tensile samples are cut from the hot stamped part by WEDM, as shown in Figure 1 . All the samples are done the static tensile test by CMT5000 tensile testing machine.
According to the definition, the true stress and true strain can be expressed as
where, F is the instantaneous load, The true stress and strain curves can be attained using the Eq.(1), Eq.(2) and the data measured by CMT5000, as the curves shown in Figure 10 . The tensile strengths of at the region I, II and III are listed in table 3. The curves in Figure 10 and the data in Table 3 show that, the elongation and tensile strength of the sample at austenitization temperature 870°C is a little higher than that at other austenitization temperatures, as the grain size of austenite and size of lath martensite are finer, as shown in Figure 8 . The tensile strength of the sample at the region II is a little less than that at the region I and III, as the cooling rate at region II is lower than that at other regions, and this is similar to the hardness distributions of hot stamped part. When the austenitization temperature of steel plate is 870°C or 900°C, the difference of tensile strengths of sample at the region I, II and III is about 130 MPa. When the austenitization temperature of steel plate is 930°C or 960°C, the tensile strengths at the region I, II and III are approximately same.
Except the part with the high and uniform strength, the hot stamping can also be used to manufacture the structural components with distributed properties. For instance, the crash performance of components like the B-pillar of car is improved when softer phases (e.g. ferrite or bainite) with lower strength but higher ductility are able to absorb a greater amount of energy during the crash [25] .
The curves in Figure 10 and the data in Table 3 show that, the lower austenitization temperature is helpful for manufacturing the structural components with distributed properties by introducing a thin air gap between the tools and steel plate [26] , or using the tool materials with the lower thermal conductivity [27] , as the austenite attained at the lower austenitization temperature is particularly susceptible to the cooling rate [28] . The fracture morphology of sample austenitized at 870 °C, 900 °C, 930 °C or 960 °C is shown in Figure 11 .
Fracture morphology
MATEC Web of Conferences
All the fracture are the ductile fracture, the fracture of sample austenitized at 870 °C or 900 °C is the dimple, the fracture of sample austenitized at 930 °C or 960 °C is the mixture of quasicleavage and dimple, and the size of dimple rises with the increase of austenitization temperature.
Figure 12. SEM / EDS analysis of fracture
According the temperature curve shown in Figure 3 , pearlite and ferrite can fully transform into austenite when the austenitization temperature is over 824.4 °C. In the holding temperature process, the segregation of impurity elements (such as P, S, Si, Ti, etc) for B1500HS can occur on the grain boundary of austenite due to higher austenitization temperature, as shown in Figure  12 . Some defect such as voids is easy to appear on the grain boundary due to segregation of impurity elements, and it can grow with the increase of austenitization temperature.
When the tension is put on the sample with the void defect, the voids can grow during deformation until they link together. Some continuous fracture paths may come into being, and some dimples can appear on the fracture of sample. The smaller dimple due to the fine grain size of austenite is helpful for the increase of tensile strength and elongation of sample. With the increase of austenitization temperature, the grain size of austenite and size of lath martensite become larger and larger, more and more quasicleavages occur on the fracture. All these are harmful to the tensile strength, can cause the tensile strength of the sample austenitized at 900 °C, 930 °C or 960 °C is less than that at 870 °C, as shown in Figure 8 , Figure 10 and Figure 11 .
CONCLUSIONS
The effect of austenitization temperature on the microstructure and mechanical properties of B1500HS boron steel is studied by the experiment and finite element methods. The conclusions are as follows: (1) The temperatures of punch and die rise due to the heated steel plate, and the punch is easier to get higher temperature than the die. Cooling system in the punch and die is very necessary for improving the microstructure and mechanical performance of hot stamped part. (2) The austenitization temperature and time both have significant effects on the size of martensite, the size of lath martensite becomes bigger and bigger with the increase of austenitization temperature and time (3) The austenitization temperature and time have not a distinct effect on the hardness of hot stamped part. (4) The cooling rate has a significant effect on the tensile strength when the austenitization temperature is 870 °C. The lower austenitization temperature is helpful for manufacturing the structural components with distributed properties. (5) The fracture of hot stamped part austenitized at 870 °C or 900 °C is the dimple, the fracture of part austenitized at 930 °C or 960 °C is the mixture of quasicleavage and dimple, and the size of dimple rises with the increase of austenitization temperature.
